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Abstract 
Slopes above Montecito burned by the Thomas Fire in December 2017 produced disastrous debris flows in response to a short 
period of intense precipitation on January 9, 2018, killing 23 people, injuring many others, destroying and damaging residential 
buildings, and community infrastructure. The intense precipitation was in a narrow cold frontal rainband which obviously exceeded 
the intensity and duration threshold for post-wildfire debris flows. Rain gauges with self-activating radio transmitters reported by 
County of Santa Barbara Department of Public Works documented the precipitation in the Montecito area as it occurred, which 
allowed short-duration intensities to be calculated. Data from the rain gauge on Montecito Creek was used in this paper and showed 
that the rainband that produced the precipitation that generated the debris flows passed over Montecito in about one-half hour. Two 
weather radar stations operated by the National Weather Service are located within about 100 km of Montecito. Both stations were 
operational and recorded radar reflectivity on a frequency of about five minutes during the entire storm; data from the KVTX 
station located east of Montecito was used for this paper. Montecito is located on a coastal plain south of the Santa Ynez Mountains, 
which shield the lower elevations in the Montecito area from direct view of the radar stations. Composite radar reflectivity 
represents the amount of water droplets in the atmosphere in line-of-sight above the ground. The weather radar shows patterns 
similar to the precipitation documented by the rain gauges. Radar reflectivity at the coordinates of the rain gauge on Montecito 
Creek and at the coordinates of a point in the Santa Ynez Mountains on the west side of the Santa Ynez Creek watershed was 
extracted and converted to an approximate rainfall depth using a general National Weather Service relationship. The results are 
used to demonstrate the value of weather radar reflectivity for visualization and for developing approximate rainfall intensity and 
duration estimates at positions of interest remote from rain gauges for comparison with post-wildfire debris-flow thresholds.. The 
analysis in this paper was developed as part of the Geotechnical Extreme Event Reconnaissance (GEER) Association response to 
the Montecito disaster. 
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1. Introduction
The Thomas Fire began in southwestern Ventura County on December 4, 2017, and was finally contained on
January 12, 2018, after burning over 114,000 hectares in Ventura and Santa Barbara Counties (CalFire, 2018). The 
fire advanced into the watersheds above Montecito beginning on December 10, 2017, and stopped its westward 
progression on December 18, 2017 (EcoWest, 2017), but continued to burn northward into wildland areas until it was 
contained nearly four weeks later. The burned slopes above Montecito had soil burn severity of predominantly 
moderate, with some small areas of high burn severity (CalFire, 2018). Burned drainage basins north of Montecito 
were rated as high hazard of producing debris flows in response to a design rain storm producing a 15-minute rainfall 
intensity of 24 mm h-1 (USGS, 2018, interactive preliminary hazard assessment map). 
A flash flood watch was issued by the National Weather Service (NWS) in Los Angeles/Oxnard, California, on 
January 6, 2018, for regions of southwestern California that included Montecito (IEM, 2018a). The NWS flash flood 
watch indicated “A strong cold front will interact with a deep plume of subtropical moisture bringing a period of 
moderate to heavy rainfall to the region beginning Monday afternoon through Tuesday morning. Behind the front, 
scattered showers and isolated thunderstorms will continue through Tuesday evening. Rainfall rates in excess of one 
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half to an inch per hour [12.7 to 25.4 mm h-1] are possible during the peak of the storm. This storm has the potential 
to create mud and debris flows in and around the recent burn areas. …” (IEM, 2018a). Another NWS flash flood watch 
on Monday, January 8, 2018, forecast peak rainfall rates between 0.5 and 1.0 inch per hour (12.7 to 25.4 mm h-1) with 
local rates up to 1.5 inch per hour (38.1 mm h-1) (IEM, 2018b). The precipitation event that triggered devastating debris 
flows was associated with a weak atmospheric river that generated an intense convective precipitation band along a 
narrow zone that formed along a cold front, known as a narrow cold frontal raniband (Oakley et al., 2018). The short 
duration precipitation was not unprecedented for the region, but records for some stations were set by it. 
The remaining sections of this paper describe the setting of Montecito in terms of weather radar and rain gauge 
locations, use selected NWS weather radar data and County of Santa Barbara rainfall records to estimate precipitation 
intensity and duration in the Montecito area on January 8 and 9, 2018, and compare the precipitation estimates to 
general thresholds for debris flows to be generated on burned slopes. 
2. Setting of Montecito relative to weather radar and rainfall sensors
Montecito is located in southeast Santa Barbara County approximately 5 kilometers east of Santa Barbara. Two
NEXRAD WSR-88D Doppler weather radar stations are located within 100 km of Montecito (Fig. 1), within the 230-
km distance for short-range weather radar products (https://www.ncdc.noaa.gov/data-access/radar-data/radar-map-
tool). Both weather radar stations were operating in precipitation mode, consisting of 16 360°-sweeps of 14 elevation 
angles in 5 or 6 minutes. Local mountains east and north of Montecito block the lowest elevation angles of both 
weather radar stations. Composite reflectivity data for the closer weather radar station, KVTX (-120.39583° Lon., 
34.83806° Lat., 375.8 m elev.), were downloaded and used in this analysis. Composite reflectivity represents the 
maximum reflectivity for the volume coverage pattern of the radar at each azimuth and range position of the scan. 
Radar reflectance is reported in a scale specific to meteorology (decibels in the Z scale, dBZ). NEXRAD products are 
archived and available for no-cost online retrieval at https://www.ncdc. noaa.gov/nexradinv/. Reflectivity is a measure 
of size and number of water droplets in a volume of the atmosphere and is correlated to precipitation intensity, or rain 
rate, RR in mm h-1. The correlation used in this study was calculated as equation (1) from a table of dBZ and RR 
values displayed on the NWS website (https://www.weather.gov/jetstream/refl), which corresponds exactly to the 
default Z=300 RR1.4 but is easier to use in spreadsheet calculations. Reflectance higher than 51 dBZ may be an 
indicator of ice in the atmosphere contributing to overestimation of rain rates (Fulton, 1999). 
RR = exp(-4.073 + 0.1644 × dBZ); 15 ≤ dBZ ≤ 55 (1) 
Fig. 1. Location map showing NWS weather radar station locations (NCEI, 2018). Thomas fire perimeter was obtained from GeoMAC (2018); 
shaded relief base map from U.S. Geological Survey bip file; county boundaries from ESRI basic data shape files. Projection: NAD 1927 
California Teale Albers. Area of Fig. 2 (blue rectangle) encompasses western tip of Thomas Fire perimeter and the Montecito community. 
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The Montecito area has six automated rain gauges operated by the County of Santa Barbara Public Works 
Hydrology Section (Fig. 2). The Montecito gauge (#325; sensor 2547) is located on Montecito Creek and was selected 
for analysis in this paper. Data from the Montecito gauge for the storm of January 8-9, 2018, were obtained online 
(https://rain.cosbpw.net/site.php?site_id=47&site=d1f0d1f6-a251-4e7d-a036-927432472f28). The automated gauges 
record rainfall as it occurs and self-activating radio transmitters send data at variable intervals, ranging from as little 
as 2 seconds to as much as 12 hours; the median frequency of readings during the storm was about 3 minutes (0.05 
hour). The frequency of readings was regularized to an interval of approximately 5 minutes for use in calculations. 
Fig. 2. Montecito area showing locations of Santa Barbara County rain gauges (COSBPW, 2018) and the Thomas Fire perimeter (GeoMAC, 
2018). Location #G is the position where radar composite reflectivity was converted to rainfall. Base map hillshade calculated from 10-m DEM 
from National Elevation Dataset obtained from U.S. Department of Agriculture Natural Resources Conservation Service Geospatial Data 
Gateway. Stream channels from National Hydrography Dataset also obtained from Geospatial Data Gateway. 
Location #G was selected as a point of interest because it is in the upper watersheds of San Ysidro Creek to the 
east and Montecito Creek to the west (Fig. 2). Sta #325 is on Montecito Creek; Location #G is approximately 4.5 km 
due north of Sta. #325. No rain gauges were located at positions other than those shown in Fig. 2 at the time of the 
January 8-9, 2018, storm; therefore, weather radar provides an opportunity for precipitation to be visualized, and 
estimated in a way that may be superior to interpolating or extrapolating from available rain gauges. 
3. Weather radar reflectivity and automated rainfall
The downloaded reflectivity data for NEXRAD WSR-88D Doppler weather radar station KVTX for January 8 and
9, 2018, were processed using the Weather and Climate Toolkit (https://www.ncdc.noaa.gov/wct/) and exported for 
display and analysis using ESRI ArcGIS 10.4. The Weather and Climate Toolkit viewer allowed the relevant times of 
the storm in Montecito to be identified. The radar product selected for this analysis was the Level III, short-range, 
composite radar reflectivity (NCR), which had a complete dataset every 5 or 6 minutes. The composite reflectivity 
represents the maximum reflectance value in the scanned volume of atmosphere at each pixel. The pixel dimensions 
of the reflectivity data in the Montecito area were about 1 km square. Fast-moving storms can be represented by high 
reflectivity values, but the precipitation in the atmosphere at that pixel may fall to the ground in an adjacent pixel.  
Four radar reflectivity scenes (Fig. 3), each 11 minutes apart, demonstrate that the strong narrow cold frontal 
rainband moved across Montecito in less than 30 minutes, with any one point receiving heavy precipitation for about 
10 minutes (Fig. 3 and Fig. 4). A radar dataset was available between each pair of scenes selected for Fig. 3, and all 
scenes were used in the analysis, even though only selected scenes are displayed in this paper.  
The radar data indicates that Montecito (Sta. #325) was experiencing light rain (15 dBZ) at 03:18 (Fig. 3A), as the 
main storm cell was making landfall on the west side of Santa Barbara. At 03:29 (Fig. 3B), 11 min later, Montecito  
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Fig. 3. Composite radar reflectivity of a narrow cold frontal rainband documented by KVTX on January 9, 2018. A. Radar scene at 03:18 PST 
with labels for the radar station, Thomas fire perimeter, Montecito, and area of Fig. 3B, 3C, and 3D; B. Radar scene at 03:29 PST with labels for 
rain gauges, point #G, Thomas fire perimeter, and Montecito; C. Radar scene at 03:40 PST; D. Radar scene at 03:51 PST. 
Fig. 4. Cumulative precipitation measured at Sta. #325 and calculated from radar reflectivity at Sta. #325 and Location #G. A. 31 hours of data 
from 00:00 Jan 8, 2018, to 07:00 Jan 9, 2018; B. 30 min of data from 03:25 to 03:55 Jan 9, 2018. Regularized line for precipitation has a 4- to 5-
minute time interval (light blue dashed line) interpolated from variable frequency readings (dark blue line); the two lines are nearly 
superimposed. 
Sta. #325 was receiving moderate to heavy rain (40 dBZ), while Location #G was receiving that same rate. At 03:40 
(Fig. 3C), 11 min later, Montecito Sta. #325 was receiving very heavy rain (50 dBZ), while Location #G was receiving 
even heavier rain (55 dBZ). By 3:51 (Fig. 3D), 11 minutes later, Montecito Sta. #325 was receiving light rain (30 
dBZ), while Location #G was receiving that same rate; the main storm cell had moved approximately 5 or 6 km east 
of the Montecito area by 03:51. Comparison of the main storm cell location in Fig. 3A with Fig. 3D indicates that it 
was moving east-northeast at a speed greater than 40 km h-1. 
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A graph of cumulative precipitation (Fig. 4) displays both measured rainfall at Sta. #325 and estimated precipitation 
at location #G based on successive rain gauge and weather radar datasets covering the same period of time. The 
reflectivity values in each radar scene were converted to rain rate using equation (1) and then multiplied by the duration 
in hours since the previous radar scene to produce an equivalent precipitation depth for the time increment. Cumulative 
precipitation is the sum of the incremental precipitation depths. The measured rain at the Montecito gauge (Sta. #325) 
was reported in inches with a YYYY-MM-DD HH:MM:SS timestamp; the rain was converted to millimeters and the 
timestamp to converted to a serial number by copying Date-Time function data in Microsoft Excel and pasting it as 
unformatted numbers. The serial time and cumulative rain depth were converted to a regular time and corresponding 
rain depth, with the time step of 0.0035 days using a cubic spline interpolation in Mathcad. The resulting time step 
alternated between 0.003 and 0.004 days, which is equivalent to 4.32 and 5.76 minutes. Equivalent hourly precipitation 
intensity values for a range of duration intervals were calculated for both measured rainfall and estimated radar rain 
depths by successively summing estimated rain depths for different durations in spreadsheets and normalizing the 
results to a one-hour time duration. 
Comparison of the rain gauge data for Sta. #325 (dark blue line in Fig. 4) with the calculated equivalent radar rain 
depth (red dotted line in Fig. 4) reveals that the radar-based rain at low intensity levels, before the main storm cell 
arrived at about 03:38 (Fig. 4B), exceeded the measured rain that reached the ground at that location. In contrast, by 
about 03:45 as the main storm cell departed Sta. #325 (Fig. 4B), the rain gauge data exceeded the calculated radar rain 
amount. The rain gauge data collected by Sta. #325 are the reference for its location. Rain depths estimated from radar 
reflectivity values are approximate and affected by at least three factors: 1) topography blocks the lowest elevation 
radar scans of Montecito from both weather radar stations, 2) the composite radar reflectivity values represent the 
maximum from all 14 elevation scans for the atmosphere volume above the Sta. #325 pixel, and 3) the correlation of 
rain rate from reflectivity is based on the default Z-R general relationship. 
Radar-based cumulative precipitation at Location #G (black dot-dashed line in Fig. 4) matches the radar-based 
cumulative precipitation at Sta. #325 until about 18:00 on January 8. At the time the main storm cell moved into 
Montecito at approximately 03:30 on January 9, Location #G had 3 mm more estimated rain depth than the calculated 
radar rain depth at Sta. #325. However, by 03:40, the radar rainfall at Location #G was 7 mm greater than at Sta. #325. 
By 03:45, the measured rain depth at Sta. #325 exceeded the calculated radar rain depth by about 2 mm, and by 07:00, 
measured rain depth at Sta. #325 was 11 mm greater than the calculated rain depth. 
The slope of cumulative precipitation plot is rainfall intensity, as indicated by the labeled thin black lines in Fig. 4. 
It is clear that the majority of the precipitation at the at Sta. #325 and location #G fell in a period less than 2 hours 
(Fig. 4A) and about 15 mm fell in less than 10 minutes (Fig. 4B). A graph of calculated precipitation intensity for the 
same 31-hour period in Fig. 4A is displayed in Fig. 5. The ~5-minute intensity values were calculated from the 
normalized measured rainfall data at Sta. #325 and the rain rate for individual weather radar scenes, which were 
collected at a 5- to 6-minute frequency. Therefore, each point plotted in Fig. 5 represents the rainfall amount over a 
period of about 5 minutes divided by the number of hours in the actual time interval. For example, a 5-minute 
precipitation amount of 11.67 mm divided by 0.0833 h = 140 mm h-1, which is the precipitation intensity at Location 
#G estimated from radar reflectivity at 03:40 on January 9, 2018 (Fig. 3C; green triangle in Fig. 5). A 190 mm h-1 
intensity for Sta. 325 (red dot in Fig. 5) was based on a single regularized 4.32-minute interval (Fig. 6A). 
4. Rainfall intensity and duration threshold for debris flows
Precipitation intensity and duration for Sta. #325 and Location #G (Fig. 6) were calculated from measured and 
regularized rainfall amounts (green diamond and black circle symbols in Fig. 6A) and weather radar reflectivity 
(variable symbols in Fig. 6A and 6B). The self-activating radio transmitter sensor at Sta. #325 sent rainfall data as it 
occurred, in intervals as short at 2 s for high-intensity rainfall. The intensity-duration values in Fig. 6 were calculated 
by summing the measured or calculated rain depth in mm over N successive measurements, where 1 ≤ N ≤ 95 for the 
automated rain gauge and 1 ≤ N ≤ 8 for weather radar reflectivity readings, and dividing by the corresponding duration 
in hours of the N measurements. The intensity-duration calculations were performed with spreadsheet functions in 
columns that allowed rows to be used in multiple, successive calculations. The large variety of duration values from 
measured rainfall (green diamond symbols in Fig. 6A) results from short intervals between data points. Plotting was 
arbitrarily cut off at intensities of about 2 to 7 mm h-1. 
The intensity-duration plots (Fig. 6) include two lines defining thresholds for post-fire debris flows on susceptible 
slopes (equations listed in Fig. 6B). The upper of the two lines (Staley et al., 2014) is an objective assessment of a 
database that includes the basis for the lower line (Cannon et al., 2008). It is clear from both rain gauge and weather  
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Fig. 5. Precipitation intensity at Sta. #325 and location #G based on approximately 5-minute increments. The irregular increments of rainfall 
measurements at Sta. #325 were regularized to 4- to 5-minute increments; weather radar in precipitation mode is in 5- to 6-minute increments. 
Fig. 6. Precipitation intensity and duration calculated at Sta. #325 and Location #G. A. Based on measured rainfall and radar reflectivity at 
Sta. #325; B. Based on radar reflectivity at Location #G. Thresholds from Cannon et al. (2008) and Staley et al. (2014) Calculated values are 
discussed in text. 
radar data that the thresholds were surpassed at Sta. #325. However, the flash flood and debris flow sediments 
originated in the drainage basins north of Montecito that were burned by the Thomas Fire (Fig. 2). Comparison of the 
measured and estimated rainfall at Sta. #325 indicates that measured rainfall exceeded the amount and intensity of 
radar rainfall, but the timing and general trend of estimated rainfall were similar. The radar rainfall calculated for 
Location #G exceeded the amount and rate calculated for Sta. #325. Location #G was close to the crest of the Santa 
Ynez Mountains, indicating some orographic enhancement (Oakley et al., 2018). Calculated precipitation intensities 
exceed the debris-flow thresholds at Location #G (Fig. 6B) at durations ranging from 0.1 to over 1 h; the most intense 
part of the storm began at about 03:35 (Fig. 4) with debris-flow triggering intensities. Precipitation that followed the 
10 minutes of highest short-duration intensity, suggested by estimates from radar rainfall, was sufficient to exceed the 
longer duration debris-flow thresholds for more than an hour. 
5. Conclusions
The storm that caused the devastation in Montecito was a fast-moving (>40 km h-1) narrow cold frontal rainband
event that dropped a modest amount of rain in 24 h (50-75 mm at lower elevations, including Sta. #325, and 100-125 
mm at higher elevations), which were less than one-year return interval totals (Oakley et al., 2018). It was the strong 
rainband that passed over the Montecito area in about 30 minutes with precipitation intensities exceeding the threshold 
for triggering debris flows on susceptible slopes that did the damage. The Thomas Fire burned the upper watershed 
slopes less than one month prior to the storm. The County of Santa Barbara operates automated rain gauges that 
provided an excellent record of the storm across the Montecito area; no rain gauges were located in the upper parts of 
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primary canyons that produced the most damaging flash floods and debris flows (Montecito and San Ysidro Creeks). 
Actual rainfall rates in Montecito exceeded those included in the NWS flash flood watch on January 6, 2018. 
Two National Weather Service NEXRAD WSR-88D Doppler radar stations recorded the storm from locations less 
than 100 km from Montecito; data from KTVX, the closer of the two stations, were used in this paper. Local mountains 
north and east of Montecito blocked the lowest of the precipitation-mode radar sweeps from each of the radar stations. 
Rainfall depths and intensities calculated from weather radar are approximate; however, comparison of calculated 
radar precipitation with measured rainfall at Sta. #325 indicates that radar rainfall was reasonable without over 
predicting. A few pixels in the main rainband had reflectivity values exceeding 51 dBZ, which typically is taken as 
the ice cap above which reflectivity values may not represent liquid water (Fulton, 1999). Precipitation intensity and 
duration values on January 9, 2018, clearly exceeded the threshold for triggering debris flows on susceptible slopes.  
Despite its many limitations, weather radar provides essentially continuous, useful information suitable for 
visualizing and estimating precipitation amounts and intensities at any location of interest, including areas remote 
from rain gauges. Rain gauges that provide hourly precipitation values are not suitable for estimating intensity values 
at durations of interest, but may be supplemented by radar rainfall. Weather radar data are available online for no-cost 
download and include dozens of products, in addition to the composite reflectivity that was used in this analysis. GIS 
and other data analysis and visualization software are indispensable for manipulating weather radar and rainfall data. 
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